Abstract-Despite their rigidity, microtubules in living cells bend significantly during polymerization resulting in greater curvature than can be explained by thermal forces alone. However, the source of the non-thermal forces that bend growing microtubules remains obscure. We analyzed the motion of microtubule tips in NIH-3T3 fibroblasts expressing EGFP-EB1, a fluorescent +TIP protein that specifically binds to the growing ends of microtubules. We found that dynein inhibition significantly reduced the deviation of the growing tip from its initial trajectory. Inhibiting myosin modestly reduced tip fluctuations, while simultaneous myosin and dynein inhibition caused no further decrease in fluctuations compared to dynein inhibition alone. Our results can be interpreted with a model in which dynein linkages play a key role in generating and transmitting fluctuating forces that bend growing microtubules.
INTRODUCTION
Microtubules play a central role in cell polarization, 28 migration, 8 intracellular trafficking, 6 cell division, 22 and nuclear positioning. 26 In vitro experiments show that microtubules subjected to thermal forces have a persistence length on the order of millimeters, 10 yet in vivo they exhibit bends on micron length scales. These bends develop primarily by deflections from linear tip trajectories rather than subsequent bending of intact microtubules, 5 although initial bends may be amplified by compressive forces once the tip reaches the cell periphery 4 or by the activity of cytoplasmic molecular motors. 32 Thermal forces are too small to explain the deflections of growing microtubules in living cells, 5 and the causes of microtubule bending before the tips reach the cell periphery remain obscure. Growing microtubules can bend due to compressive stresses generated by polymerization against a barrier.
2,4,7 Furthermore, the activity of myosin motors drives fluctuations in the cytomatrix, causing bending of existing microtubules in vivo 3 ; myosin forces could bend growing microtubules by a similar mechanism. Processive microtubule motors such as dynein or kinesin can exert forces on the microtubule if they are anchored to the cytomatrix at the cargo-binding end. 2, 12, 25, 32 As the motor walks along the microtubule it pulls on the anchor point, resulting in a tensile force between the anchor and the point of attachment to the microtubule. Odde and coworkers 2 have suggested that the anterograde motion of buckling microtubules (moving towards the cell periphery) can be explained by microtubule-bound motor activity. In laser severing experiments with single microtubules in endothelial cells, newly created minusended microtubules bend (instead of straightening) in a dynein dependent manner, 32 consistent with a model for dynein pulling forces along the entire length of the microtubule. This model also explains amplified buckles at the cell periphery and how the centrosome can be centered by an astral array of microtubules. 32 Given the athermal nature of forces that deflect growing microtubule tips, 5 we reasoned that motor activity may also be responsible for bending growing microtubules. Using in vivo experiments, we show that bending of the trajectories of growing microtubule tips is significantly decreased in dynein-inhibited cells. Myosin-inhibition also decreases bends while kinesininhibition has no effect. Simultaneous inhibition of myosin and dynein in cells does not cause any additional reduction in bending beyond that by inhibition of dynein alone. We interpret these results with a mathematical model in which dynein linkages generate and transmit fluctuating forces that bend growing microtubules.
MATERIALS AND METHODS
Cell Culture, Transfection, and Inhibition Experiments NIH-3T3 fibroblasts were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Mediatech, Manassas, VA) with 10% Donor Bovine Serum (DBS) (Gibco, Grand Island, NY). The cells were maintained at 37°C in humidified 5% CO 2 . For microscopy the cells were plated on 35 mm glass-bottomed dishes (WPI, Sarasota, FL) and allowed to spread overnight at 37°C and 5% CO 2 . The glass-bottomed dishes were coated with 5 lg/mL fibronection (BD Biocoat TM , Franklin Lakes, NJ) and kept at 4°C overnight before cell seeding.
In control experiments, cells were transiently cotransfected with pGFP-EB1 (Addgene plasmid 17234) and DsRed and were incubated for 18-24 h prior to plating. DsRed was expressed to allow comparisons with cells expressing fluorescently labeled proteins such as DsRed-CC1. In dynein inhibition experiments, cells were co-transfected with DsRed-CC1 (Fig. S1 ) and with mCherry-KHC in kinesin-1 inhibition experiments (Fig. S1 ). DsRed-CC1 renders dynein inactive by competitively binding to it and preventing dynein interactions with dynactin 31, 32 while mCherry-KHC can inhibit kinesin-1 by multiple mechanisms. 23 Transient transfection of plasmids into cells was performed with Lipofectamine TM 2000 transfection reagent (Life Technologies, Invitrogen, Carlsbad, CA). Some cells were treated for 30 min with 10 lM Y27632, which is a Rho-kinase (ROCK) inhibitor that causes substantial inhibition of non-muscle myosin. 16, 18 
Confocal Microscopy
The cells were imaged on a Leica SP5 DM6000 confocal microscope equipped with a 63X oil immersion objective. During microscopy, cells were maintained at 37°C in a temperature, CO 2 , and humidity controlled environmental chamber. In order to image EGFP-EB1, a 488 nm laser with 10% power and an appropriate GFP bandpass filter was used. Images were taken at a resolution of 1024 9 1024 and with a speed of 400 Hz, at a rate of 3 s/frame. The images were further analyzed using LAS AF Lite (Leica Systems) software. For dynein and kinesin-1 inhibition studies, expression of DsRed-CC1 and mCherry-KHC was confirmed using epifluorescence microscopy.
Trajectory Analysis
Microtubule trajectories were constructed from an analysis of EB1 movies using plusTipTracker, a MATLAB based open source software package that combines automated tracking, data analysis, and visualization tools for analysis of movies of fluorescently labeled microtubule plus end binding proteins (+TIPs). 1 The software detects EB1 comets by application of locally optimal thresholds using a watershedbased technique. The track reconstruction is described in more detail elsewhere. 14 To test the accuracy of the software for our experiments, we first measured the positional error in the measurements. Fixed NIH-3T3 cells expressing EGFP-EB1 were imaged for 2 min at three-second intervals. Since the position of the tips is fixed, the variation in the +TIP detection by the software provides an estimate of the positional error. The deviation from the mean was calculated for about eight tips. Figure S2 shows the plot of the frequency vs. the deviation from the mean. Fitting a normal distribution to the data yielded a standard deviation of 0.06 lm while the average distance travelled by the tips in between successive frames was 1.1 lm. Thus there is a 6% error in the measurements, which was deemed to be small enough to enable reliable tracking of the tips.
To reduce uncertainty due to positioning error in the trajectory analysis, the initial direction of the trajectory was determined by fitting a line to the first four points in the trajectory. Each trajectory was first translated to the origin and rotated onto the positive xaxis by an angle that was determined by the slope of the fitted line. The rotated trajectories thus had the same initial direction. To quantitatively investigate microtubule curvature, we next performed a Fourier decomposition of the reconstructed trajectories, 10 with a trajectory length of 8 lm. The tangent angle, h ¼ tan À1 dy=dx ð Þ; was decomposed as a sum of sine waves,
We assume that the microtubules are clamped at the centrosome (i.e., a fixed orientation), so that the boundary condition at the origin, h(0) = 0 is automatically imposed by the basis functions.
From a set of N coordinates (x k , y k ) making up a trajectory, the length Ds k and tangent angles h k of each of the (N À 1) segments that connect the coordinates were calculated:
The amplitudes were determined by taking an approximate Fourier transform of Eq. 1
where
Ds k ð5Þ
and
Model for Dynein Force Generation
Motor forces are included as linkages distributed along the length of the microtubule, as illustrated in Fig. 3a . We imagine that a particular segment of the microtubule is occasionally captured by a cytoskeletal bound dynein motor and bound for times of the order of k À1 off ; where we take the dynein off rate to be of the order of 1 s À1 . 32 A segment of length h will capture a dynein motor in a time step dt with a probability p ¼ nhk off dt; where n is the (linear) density of dynein motors per unit length of the microtubule, estimated at about two cytoskeletal-bound motors per micron. 32 On average the binding and unbinding rates will balance at the desired motor density n if each bound motor unbinds with a probability k off dt: Note that these formulas assume that the binding and unbinding probabilities are small, k off dt ( 1; more general formulas can be derived in cases where k off dt is not small. The motor model resembles that proposed by Nedelec and Foethke 24 ; the main difference is that in our implementation the motors only exist while bound to the microtubule instead of being permanently bound to random positions in the cytomatrix. It seems unlikely that this will cause any substantial difference in the simulations.
A model for dynein force generation was constructed based on the following simplifying assumptions that are nevertheless consistent with what is known about dynein-force generation: (1) The dyneincytoskeletal linkage is formed in a force-free state, with a vector b i linking the point of attachment to the microtubule, x i , with the anchor point in the cytomatrix, a i . (2) The dynein motor walks towards the microtubule minus end, with a force-dependent speed, until the tangential force reaches the stall force f max or the motor unbinds. The motor is displaced from its initial position both by walking along the microtubule and from the motion of the microtubule itself,
where v is the velocity of the microtubule segment. The motor walks with a speed v m,i in the direction of the local tangent to the microtubule t, which is formed by assuming the filament is made up of straight segments connecting the nodes. We assume a linear force velocity relation varying from a maximum speed in the force-free state, v max to zero at the stall force, f max The coordinate s i , which measures the position of the motor along the contour length of the microtubule, is incremented by v m;i dt at each time step, and the motor position is then determined by interpolating from the neighboring nodes. The velocity of the segment is found by interpolating the nodal velocities. (3) The initial distribution of directions of the microtubulecytomatrix linkage, b, is isotropic with the anchor points initialized as a i (0) = x i (0) + b i To model the action of the myosin network, the anchor points a i are moved with random velocities, which represents the motor-induced motions of the cytomatrix. Each anchor point is assumed to move with a constant velocity
for as long as the motor remains bound. Under these assumptions, both the displacement of the motor from its binding site and the motion of the anchor point can cause an extension of the dynein linkage, r i (t) = a i (t) À x i (t), with a linear force along the linkage (Fig. 3a )
It is possible for the motor to exert a compressive force on the dynein-cytomatrix linkage if r i Át< 0. However this is always transient since eventually the motor will walk to a position such that r i Át > 0.
Equation of Motion
The strain energy in a bent elastic filament of length L (free from external couples) can be written as a line integral of the mean-square curvature,
where s is the distance along the filament arc, and B is the bending modulus. If we discretize the filament into N segments of uniform length h = L/N, then a second-order approximation to the strain energy is given by 20, 21 H ¼ Bh 2
where the curvature C n is related to the angle between adjacent segments, C 2 n ¼ 2 h 2 À r n;nÀ1 Á r nþ1;n À Á =h 4 : The discrete approximation to H can then be differentiated to find the elastic force on each node of the filament. In addition to the elastic forces, there is also a constraint force that is required to maintain the length of the individual segments, r n;nÀ1 Á r n;nÀ1 ¼ h 2 :
20,21
In the overdamped limit, the nodal velocities v n are obtained from the force balance:
where f n is the total force on node n from the motors on neighboring segments. The friction coefficient y is taken to represent the background friction of the cellular matrix; we take value of 10 Pa s, or 10 N m À2 s, based on measurements of microtubule relaxation in dynein-inhibited cells. 32 
RESULTS

Fluctuations in Growing Microtubule Tips
We tracked the position of EGFP-EB1 labeled microtubule tips in cells using plusTipTracker and microtubule trajectories were reconstructed from the measured tip positions. The tips were tracked in a region that encircled the centrosome, but not closer than 5 lm to the cell periphery. This was done to exclude events where the growing tip might experience compressive loading as it grew against the membrane. To avoid spurious tracks, each trajectory was visually confirmed to be correctly detected and trajectories that weren't reconstructions of the growth of a single tip were discarded. A minimum of 12-13 cells were imaged and 300-600 trajectories per condition were quantified. Figure 1a shows the trajectory plots for growing microtubules in normal cells. All trajectories were translated to the origin and rotated so that the initial direction was along the positive x-axis, as described in ''Materials and Methods'' section. In control cells that expressed DsRed the trajectories were observed to spread out significantly over tens of seconds.
Motor Activity Bends Growing Microtubules
We next over-expressed DsRed-CC1 in NIH-3T3 fibroblasts to competitively inhibit dynein. 31, 32 The spread in the trajectories was less in dynein-inhibited cells compared to control cells (compare Figs. 1a and  1b) . When kinesin was inhibited by expressing mCherry-KHC, 23 the spread was similar to the control cells (Fig. S3) .
We next attempted to inhibit non-muscle myosin activity with blebbistatin, a specific myosin II inhibitor. 15 However, at doses that inhibited myosin activity, blebbistatin treatment caused a significant rounding of cells making it difficult to track EB1 tips reliably in these cells. We therefore treated cells with Y27632, a ROCK inhibitor that has been shown to cause a large decrease in non-muscle myosin activity without causing cell rounding. 16, 18 The spread of the trajectories on Y27632 treatment is shown in Fig. 1c and appears to be decreased when compared to control cells, but to a lesser extent than in dynein-inhibited cells (Fig. 1b) .
As all trajectories start at the origin and are initially oriented along the positive x-axis, any deviation of the trajectories in the y-direction is a measure of the spread. One method of quantifying the effects of motor inhibition on trajectory spread is to compare the variance of the y positions of the tips at different times. However, modest but statistically significant differences in tip speed were observed when dynein, kinesin, or ROCK was inhibited (Fig. S4) . Owing to the differences in the polymerization velocity, we instead chose to examine the length-dependence of the variance at each condition (Fig. 1d) . The variance in dynein-inhibited cells is decreased by a factor of two in comparison with control cells. There is a smaller decrease in variance in ROCK inhibited cells, but there is no statistically significant difference between kinesin-1 inhibited cells and control cells.
Fourier Mode Analysis of Tip Trajectories
To further characterize the deflections of polymerizing microtubules, we performed a Fourier mode analysis (described in the ''Materials and Methods'' section) on the measured trajectories. A comparison of the Fourier mode amplitudes for different experimental conditions is shown in Fig. 2 . Shape fluctuations in control cells were significantly higher than those in dynein-inhibited cells at almost all mode numbers (p < 0.05 for mode 1 by Student's t test), indicating that dynein linkages contribute significantly to the bending of microtubule trajectories (Fig. 2a) . In contrast, trajectories in cells where only kinesin was inhibited showed no discernible differences from the control cells (Fig. 2b) . Inhibition of myosin only reduced the mean-square amplitudes at some wavelengths, and to a lesser extent than inhibition of dynein (Fig. 2c) . Inhibition of both myosin and dynein showed a similar reduction in mode amplitudes as inhibition of dynein alone (Fig. 2d) .
These results suggest that both myosin and dynein contribute to bending the trajectories of microtubule tips. One possibility, consistent with these results, is that myosin motor-induced force fluctuations are transmitted primarily through dynein linkages between the microtubule and the actin cytoskeleton; blocking these linkages by CC1 would then be sufficient to block both myosin-induced forces and dynein-induced forces on the polymerizing microtubules.
Simulations of Fluctuations in Growing Microtubules
In order to better understand the results of the motor-inhibition experiments, we used numerical simulations of growing microtubules to investigate possible mechanisms whereby microtubule trajectories are deflected by motor forces, either dynein or myosin generated. The cartoon in Fig. 3a illustrates the model for the motor forces. We assume that the dynein-cytomatrix linkage is formed in a stress-free state; for simplicity we further assume that the microtubules grow in the basal plane of the cell and the linkage is also in the same plane, oriented randomly with respect to the tangent to the microtubule at the point of attachment. As the motor begins to walk along the microtubule it exerts a force along the line between the attachment point on the microtubule and the anchor point in the cytomatrix. This force has components parallel to and perpendicular to the local tangent direction that can deflect the microtubule as illustrated in Fig. 3a . The parameters for the microtubules and dynein motors (Table 1) are the same as in our previous simulations. 32 A typical simulation of a growing microtubule is illustrated in Movie 1 and Fig. 3b for the case where dynein is anchored to a stationary cytomatrix (i.e., v a,i = 0). The dynein motors pull along the direction of the motor-anchor vector, indicated by the red lines, and so exert lateral as well as tangential forces. The microtubule can be significantly diverted from a straight-line path as shown in Fig. 3c , which shows the final configurations of 100 fully-grown (8 lm) microtubules. The variance of the tip position calculated from the simulated trajectories in Fig. 3c is about 0.8 lm 2 at 8 lm length, which is somewhat less than that observed in experiments (1.3 lm 2 at 8 lm, Fig. 1d ). However in dynein-inhibited cells, there is still a significant variance in the tip position (0.47 lm 2 at 8 lm, Fig. 1d ) which is much larger than can be accounted for by thermal forces alone. Since there are no such background fluctuations in the simulations and microtubules grow straight in the absence of motor forces, it is to be expected that the fluctuations in the tip positions are less than those observed in the experiments. The simulated variance in the tip positions closely matches the observed difference between control cells and dynein-inhibited cells.
We next performed a Fourier decomposition on the simulated trajectories in Fig. 3c . The variance of the first bending mode, var(a 1 ) = 0.09 lm is due entirely to dynein activity (no other effects are included in the simulation). This variance matches exactly to the reduction in variance of the first bending mode following dynein inhibition, from 0.144 lm in control cells to 0.054 lm in dynein inhibited (DI) cells (Fig. 2a) , i.e., var(a 1 CON ) À var(a 1 DI ) = 0.09 lm However, the observed effect of dynein on the second mode var(a 2 CON ) À var(a 2 DI ) = 0.045 lm is not well reproduced by the simulation result, var(a 2 ) = 0.01 lm.
Since myosin inhibition produced a measureable decrease in the variance of tip positions, we next investigated the influence of myosin forces on the microtubule tip trajectories. We used a simple model of myosin activity, where the anchor points of dynein on the cytomatrix move with a fixed velocity; here we choose v a = 0.05 lm s À1 , which is consistent with measurements of myosin motor speeds. 30 A simulation showing the growth of a typical microtubule with moving anchor points is shown in Movie 2. It can be seen that there is more curvature in the growing filament, which is reflected in larger values for the variance of the first bending mode var(a 1 ) = 0.15 lm. The larger deflections and curvatures can also be seen in the trajectory plots of 100 sample microtubules (Fig. 3d) . The amplitude of the second mode, var(a 2 ) = 0.02 lm, is larger than in the absence of cytoskeletal flow but still smaller than the experimental observations. Thus our models only account for the large scale fluctuations in microtubule shape, but not the detailed Fourier spectrum.
We found that the shapes of the microtubules were insensitive to variations in the dynein motor parameters. It is the mechanism of dynein pulling that tends to lead to deflected filaments rather than the exact motor parameters. On the other hand the shapes are sensitive to the motion of the anchor points, which we used to represent myosin-driven fluctuations in the cytomatrix. The speed of the anchor points (0.05 lm s À1 ) was less than typical myosin motor speeds (0.15-0.2 lm s À1 ), based on the assumption that the cytomatrix moves more slowly than the motors pulling it. In future the compliance of the cytomatrix could be taken into account with a force balance on the myosin-actin network instead of a prescribed motion of the anchor points.
DISCUSSION
Despite their rigidity, microtubules in living cells contain both short-wavelength bends at the periphery and long-wavelength bends in the cell interior. The action of minus-end directed motors, specifically dynein, provides an explanation for both the short wavelengths and the localization of these buckles near the periphery. 32 While growth of microtubules along curved paths has been proposed as the reason for long wavelength bends in the cell interior, 5 the forces that cause growing microtubule tips to deflect from a straight path have remained unclear. In this paper, we suggest that forces bending the growing microtubule are transmitted to it by dynein. These forces may be generated by dynein activity itself, or by myosin forces that cause motion of dynein anchors in the cytomatrix.
Our results show that dynein and myosin inhibition significantly decrease the spread in microtubule trajectories, but kinesin inhibition does not have any noticeable effect. However, even when both dynein and myosin activity is suppressed, microtubules still spread considerably more than would be expected from thermal forces alone. Thus, there appears to be no single cause for the observed microtubule shapes; both dynein, myosin, and some, as yet undetected, causes (organelles or other motors) all contribute to the observed deflections.
The dynein-cytomatrix linkage plays both an active and a passive role in determining microtubule shapes. Dynein generates bends by its own motor activity (active) and it transmits myosin forces via the motion of the cytomatrix in the region of its anchor point (passive). In this view, inhibiting the dynein-cytomatrix linkage by DsRed-CC1 prevents dynein from pulling on the microtubule but also inhibits transmission of myosin forces to the microtubule. Assuming that the contributions of dynein and myosin are additive, a comparison of the variance of the first mode amplitudes suggests that about 40% of the stored bending energy comes from as yet unidentified sources, 15% from myosin activity 5 transmitted by stationary dynein linkages, and 45% from dynein motor activity as if pinned to a static cytomatrix.
An alternative explanation of the data is that myosin does not play a significant role in influencing filament shapes and that dynein accounts for about 60% of the filament bending energy. Myosin inhibition could reduce the effectiveness of dynein molecules that are pulling on the microtubules because the F-actin network is less dense in the absence of myosin crosslinking. Inhibiting myosin in cells where dynein activity is also inhibited would then be expected to have no further effect on the spread, while inhibiting myosin or dynein alone would decrease the deviation from straight paths.
Both these mechanisms are consistent with the experimental observations. To assess the plausibility of these different mechanisms, we carried out simulations of microtubule growth under the action of dynein and myosin motor forces. First, we investigated the possibility that cytoskeletal-bound dynein motors can produce bends in growing microtubules. We found that dynein motors produced significant deflections in the microtubule tips, as measured by the variance in the tip position for 100 microtubules (Fig. 3c) . The variance in position for 8 lm segments, 0.8 lm 2 correlates well with the difference in variance in control cells (~1.2 lm 2 ) and dynein-inhibited cells (~0.5 lm 2 ). Moreover, simulations of the variance in the amplitude of the first mode match the experimentally measured change in mode amplitudes when dynein is inhibited. We next implemented a very simple model where the anchor points of the dynein motors move with randomly chosen velocities, mimicking the effect of myosin driven flow in the cytomatrix. Larger bends were observed when the fluctuations in cytomatrix were included, but these are too large to be consistent with the difference between control cells and those with dynein-cytomatrix linkages inhibited. Thus the simulations support the hypothesis that dynein is the key driver of fluctuations in microtubule shape, with myosin generated forces playing at most a secondary role. 
